We present terahertz metamaterials fabricated on large-area, free-standing thin (1 Pm) silicon nitride membranes with the aim of reducing dielectric losses, enhancing metamaterial sensing capabilities, and enabling flexible and conformable designs. The recent growth in the field of metamaterials is partly due to the promise of new devices that exploit their novel electromagnetic properties [1] [2] [3] . Some of these devices require the fabrication of three-dimensional metamaterials; by stacking individual layers, by creating arbitrarily curved surfaces, or a combination of both. We have developed a process to fabricate metamaterials on large area, free-standing thin silicon nitride (Si 3 N 4 ) membranes. Fabricating metamaterials on thin membranes is beneficial in a number of ways: 1) it reduces any dielectric losses due to the substrate, 2) it lowers the effective permittivity of the supporting media, an important feature for sensing applications, and 3) enables transmission measurements at higher frequencies than in comparable thick-substrate based metamaterials. In addition, it allows us to release the metamaterial covered membranes and drape them over a range of curved surfaces, therefore showing a clear path towards creating arbitrarily curved three-dimensional metamaterials.
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The metamaterials' response is scalable from radio to optical frequencies [4, 5] , therefore, due to ease of fabrication and the possibility of doing coherent transmission measurements, we chose to fabricate metamaterials with a resonant response in the terahertz (THz) range. The metamaterials were made out of 200Å Ti followed by 500Å Au on 550Pm thick 4" silicon wafers PECVD coated with 1Pm of Si 3 N 4 . After patterning the metamaterial arrays, the wafer was flipped over and mounted in a wafer holder that protects the front side. The back side was patterned into four ~(3.2 x 2.4) cm 2 areas aligned with the metamaterials on the front side. Then the Si 3 N 4 covering the back side was etched using reactive ion etching (RIE) followed by a KOH dip to remove the silicon substrate. When removed from the wafer holder one is left with the metamaterials patterned onto four large-area, free-standing 1Pm thick Si 3 N 4 membrane windows, see Fig. 1 (a). There are 4 different metamaterial designs per window. Fig.  1(b) shows a section of a split-ring resonator (SRR) array.
The metamaterial covered membrane can be removed from the wafer and placed onto a curved surface as shown in Fig. 1(c) . Proper selection of the curved material's surface can ensure that the metamaterials' properties will not be altered. Fig. 1(c) highlights the flexibility of the membrane which allows it to wrap around a 1.5mm diameter Tygon tubing without breaking. In order to understand the effect of having a thin Si 3 N 4 membrane as a substrate for THz metamaterials (membrane thickness << 300Pm ~ 1 THz), we characterized the metamaterials before releasing the membranes. Having such a thin substrate shifts the Fabry Perot oscillations well outside wavelengths of interest, therefore we were able to complement THz time domain spectroscopy (TDS) transmission measurements of the SRR array shown in Fig. 1(b) with Fourier Transform Infrared Spectrometer (FTIR) measurements thus obtaining transmission spectra from ~0.1 THz up to 10 THz unambiguously, see Fig. 2 (a) and (b) . In both cases we used THz radiation polarized perpendicular to the gap in the SRR, see Fig. 1(b) , which transmitted normally through the plane of the metamaterial. We were able to match the positions of the low frequency resonances obtained by the two methods.
We also performed electromagnetic modeling using finite-element software [6] . Fig. 2(c) shows the results of this modeling for the full range. We were able to reproduce qualitatively most of the features observed in the measurements and their relative positions. The observed differences are under investigation and might be related to the permittivity and loss tangent values used in the simulations. These were not available in the THz region so we used values for bulk Si 3 N 4 at 9.5 GHz. Further simulation results will be discussed. From previous studies, the resonance at 0.5 THz is an inductive-capacitive resonance due to circulating currents in the ring, while the one at 1.75 THz is electrical, due to dipole-like behavior in the two parallel, continuous arms of the rings. Studying the THz transmission at higher frequencies (> 3 THz) provides a tool for exploring the electromagnetic properties of the higher order resonances although the effective medium approximation is not applicable over the entire range. In addition it serves as an example of the type of measurements that can be done on appropriately scaled metamaterials (such that the effective medium approximation is valid) fabricated on thin membranes.
In summary, we have shown a method to fabricate metamaterials on large-area, flexible, thin, sub-micron silicon nitride membranes. We measured and simulated the THz transmission spectra of flat membranes up to 10 THz. We then released the metamaterial covered membrane and placed it on two different curved surfaces. Measurements of complex permittivity and conductivity of such curved metamaterials are under way. Although not the first metamaterial implementation on thin silicon nitride membranes [7] , to our knowledge, this is the first example of a micron scale curved metamaterial.
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